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ABSTRACT
Surface impedance at 9200 Mc/sec of tin, mercury and lead in normal
and superconducting states was measured by means of resonant cavity tech-
nique. Metals of highest purity were used and cast in glass -molds in vacuo.
Despite the precautions taken to avoid any contamination and roughness of
the surface, observed residual resistance at temperatures far below the
transition point appears to be of the same order of magnitude as in pre-
vious investigations and cannot be extrapolated to zero at zero temperature.
Change of reactance in the superconducting state was measured and a method
is indicated for obtaining, by means of the theory of Maxwell, Marcus and
Slater, the low-temperature limit of the penetration depth No. The values
of Ao obtained for tin, mercury and lead are 4.7 cm, 7.3 cm and 5.4 x 10-6
cm, respectively. Temperature dependence of penetration depth was derived
from the measured changes of resistive and reactive part of the surface
impedance of all three metals. Results are plotted in Fig. 21 of this paper.
From measurements in the normal state, the effective number of free elec-
trons in tin and mercury was estimated to be 0.30 and 0.13 per atom (mean
values), respectively.
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SURFACE IMPEDANCE OF SUPERCONDUCTING TIN, MERCURY AND LEAD
AT 9200 MC/SEC
I. Introduction
Since the investigation of H. London (1) considerable interest has
existed in the surface impedance of superconducting metals at very high
frequencies. An extensive research was started at the Research Laboratory
of Electronics, and first measurements on superconducting lead at 3-cm
wavelength were reported in 1946 (2). This work was pursued later by
Garrison (3) on lead in the 1.25-cm region, by Maxwell (4) on tin and by
Nowak (5) on several metals, all in the same frequency region. Pippard
reported measurements on tin and mercury at 25-cm wavelength (1200 Mc/sec)
(6), (7) and later (8) on tin at 3-cm wavelength (9200 Mc/sec). A similar
investigation on tin at 3-cm wavelength was reported from Yale (9).
When the present work was begun a wide gap existed between the measure-
ments of London and Pippard at 1200 Mc/sec and those of Garrison and Maxwell
at 24,000 Mc/sec. One of the purposes of this investigation was to fill
this gap. Furthermore, there was some uncertainty about the existence and
origin of observed residual high-frequency resistance at temperatures well
below the transition point. Another aim of this work was, therefore, to
investigate whether the observed residual resistance should be attributed
to the surface imperfections or to some additional losses in the resonators
used. Finally, it has been shown (7), (4), (10) that the impedance measure-
ments can be evaluated in terms of the penetration depth of a static mag-
netic field into a superconductor (11). It seemed desirable to obtain more
experimental data along these lines.
The phenomena of high-frequency conduction in the superconducting state
are closely related to the anomalous high-frequency conduction in the normal
state at very low temperatures (12), (13). Our measurements were therefore
extended to this case.
II. Measuring Technique
A. Microwave measurements
The surface impedance may be defined as the ratio of the tangential
components of the electric and the magnetic fields at the surface of a
metal:
Et(0)Z R + jX to (1)
(The M.K.S. system of units will be used throughout the present paper).
The aim of the measurements is to obtain R and X as functions of
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temperature. To this end a resonator is manufactured of the metal investi-
gated, and its Q and resonant frequency fo are measured. While R can be
obtained directly from the measured Q, it is not practicable to obtain X
from the measured resonant frequency due to the fact that fo is determined
primarily by the geometrical shape and dimensions of the resonator, and the
intrinsic impedance of the metallic walls enters only in a secondary way
and to a very small extent into the calculation. Moreover, during cooling
the geometrical dimensions change a great deal and in a nonlinear manner.
This should be investigated separately. An absolute Value of X cannot be
measured in the whole temperature region covering the nonsuperconducting
(normal) state.
However, as far as the classical theory of skin effect is valid (i.e.
at such high temperatures that the mean free path of the electrons is small
compared to the skin depth) it is well known that the resistive and reactive
parts of the surface impedance are equal, X R. At very low temperatures
the mean free path becomes comparable and eventually is greater than the
classical skin depth, a fact which causes a pronounced deviation from the
classical theory (region of so-called anomalous skin effect). This case
has been studied theoretically by Pippard (12), and Reuter and Sondheimer
(13). It has been shown that in a limiting case (at very low temperatures
but still in the nonsuperconducting state) X = /3 x R. Although no direct
experimental proof of this relation is available there seems to be ample
evidence that this theory is generally valid.
By passing the transition temperature and entering the superconducting
state the change in the surface impedance (especially in the real part) is
very large while on the other hand the thermal contractions are already
"levelled off" and completely negligible. This permits with fair accuracy
the measurement of the shift Af in the resonant frequency caused by the
change of the surface reactance AX. Using a result derived by Slater (14)
it can be shown (4) that Af and AX are related by an equation
AX - o$% Af . (2)
K is a constant determined solely by the geometry of the resonator and
can be computed for simple shapes. It will be evident that K = ~o w/G,
where G is the "geometrical" factor of formula (6). Further,
2r fo 1 (3)
where Q is the unloaded Q of the resonator.
Means for measurement of Q and f were provided according to Fig. 1.
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The method for measuring Q was substantially that of Rapuano and Halpern
(15), using one of the sidebands of an amplitude-modulated, frequency-
stabilized oscillator (16) as a measuring signal. The modulating frequency
was of the order of a few megacycles. In this way, absolute values of Q
were obtained from resonance curves measured point by point. This procedure
was rather lengthy and it was used only in temperature regions where the
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Fig. 1 Diagram of microwave equipment.
impedance of the resonator did not change too rapidly, i.e. close above and
far below the transition point. In this way QL (loaded Q), Qo (unloaded Q)
and % (external, or window, Q) were established. Q did not change appre-
ciably and it was therefore possible to obtain Q at any temperature by
measuring the voltage standing-wave ratio 5o at resonance, using the formula
(4)
The plus sign applies to the overcoupled case and the minus sign to the
undercoupled case. A spectrum analyzer with a vane-type r-f attenuator and
attached TE0 11-mode cavity-wavemeter was used as an indicator in connection
with a standard slotted section to measure the vswr's. The attenuator was
previously calibrated against a bolometer.
All measured 's were corrected for attenuation in the long waveguide
leading to the resonator according to the formula
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where 0 is the "true" or corrected vswr, pg is the measured vswr and Poff
is the measured vswr far-off resonance. The correction was necessary be-
cause, despite the silvering of the inner walls of the monel waveguide which
was used for its low thermal conductivity, appreciable attenuation and con-
sequently low off was experienced. The resonance curves were evaluated by
means of the straight-line plot introduced by Maxwell (17).
The waveguide was evacuated during measurements and therefore a mica
window had to be used for sealing it off from the rest of the equipment.
To cancel the resulting reflection an inductive iris was combined with the
mica sheet. For ruby mica 0.093 mm thick, an iris 18.5 mm wide makes the
window resonant at approximately 9200 Mc/sec. A colloidal silver lacquer
(DuPont conducting paint No. 4489) was used for applying the irises directly
on the mica sheets. The resonance of the matched window is rather broad so
that a vswr below 1.02 can be obtained in a frequency range of 50 to 100
Mc/sec.
Measurements of the reactive part of the surface impedance were per-
formed only in superconducting state. Some data were obtained by measuring
directly the change of resonant frequency below the transition point. The
accuracy in setting and reading the standard TE0 1 1-mode cavity-wavemeter can
hardly be pushed below 0.3 Mc/sec. Since the total frequency shift is of
the order of 2 to 3 MNc/sec the overall accuracy was rather unsatisfactory.
Some improvement was obtained when a photographic registration of the
frequency shift was adopted. For this purpose the main oscillator (No. 1
in Fig. 1) was frequency-modulated by means of a 60-cycle voltage impressed
on the reflector of the klystron and the whole mode displayed on the screen
of an oscilloscope. The reflection on the superconducting resonator pro-
duced a sharp pip somewhere on the mode. Another (stationary) pip resulting
from the reflection on the stabilizing cavity also appeared on the mode and
was set close to the first pip. (The stabilizing circuit was not in use,
of course, with this kind of operation.) The mutual distance of both pips
was then measured from photographs taken at various temperatures. For evalu-
ation of the pictures the mode had to be calibrated by some frequency marks
because the change of frequency was not linear along the mode. Such marks
were produced by beating an auxiliary amplitude-modulated oscillator (No. 2
in Fig. 1) with the first oscillator. With a modulating frequency of about
1 to 2 Mc/sec and sufficient modulating energy several pips (produced by
beating the sidebands of oscillator No. 2 with the oscillations coming from
No. 1) were obtained and used to establish the frequency scale along the
mode (Fig. 2).
The main source of error in measurements
REFERENCE SUPERCONDUCTOR of this kind was the inaccuracy in determining
the position of the pip at the transition
temperature. When the temperature was gradual-
ly raised from the low values to the transition
point, the pip became less and less sharp and
usually disappeared at and above the transition.
Sometimes this could be overcome by using an
CALIBRATION
overcoupled resonator.
Fig. 2 Mode of the frequency- As concerns the accuracy of the measured
modulated klystron with pips of
the reference and superconduc- Q 's, it is evident that the errors in deter-
ing cavities and 2.00 Mc/sec mining the width of the resonance curve at
calibration marks. half-power points and the error in vswr at
resonance (o) both increase when the measured vswr's approach the standing-
wave ratio off resonance. This was not a serious limitation in the non-
superconducting region, where the overall change in o was of the order of
1 to 10 and the off was of the order of 15 to 20. In the superconducting
region, however, it was not practicable to measure in one run the change in
Bo over all the available temperature range below transition, as the total
change in Q was of the order of 1 to 100 or more. At least two runs with
different amounts of coupling were necessary to cover the region.
Separate tests with repeated determination of the same Qo have shown
that the errors were of the order of +5 to 7 percent for Q's below 10,000
and +10 to 15 percent for Q's of the order of 100,000.
B. Resonators
The following requirements were set for the resonators used: (1) They
should be manufactured of metals of high purity and without a chance of
contamination during the production process or during mounting. (2) The
surface roughness and stresses should be avoided as far as possible. (3) No
lossy materials (dielectric supports etc.) should be used within the reso-
nators. (4) It should be possible to keep the inner volume evacuated and
to have the outer walls in contact with the liquid helium bath for good
heat transfer. (5) The shape should be geometrically simple to allow the
Q to be computed.
First measurements were performed with quarter-wavelength two-wire
resonant lines (hairpin resonators) similar to those used by Pippard (6).
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The hairpins were made of tin wires about 0.7 mm diam) which were bent, cut
to desired length (7 to 8 mm) and cemented by means of a jig to a quartz
fibre (0.3 mm diam) stretched across the cylindrical envelope on the bottom
of the waveguide (Fig. 3). The wires were cast in glass capillaries in vacuo.
The diameter d of the envelope was small enough
(3/16 to 1/4 in.) to attenuate appreciably any
radiation propagated from the open end of the hair-
pin down the envelope. The coupling of the reso-
WAVE-GUIDE nator to the field in the waveguide could be set
to any desired value by changing the orientation
0 O QUARTZ FIBRE of the end-loop with respect to the H-plane in the
guide during the process of cementing. The use of
cement (vinylite cement or polystyrene dissolved
2cm d in benzene), even at a voltage node and in a minute
quantity, proved to be a source of extraneous losses.
These losses were not measurable with lower values
Fig. Hairpin resonator. of Q (in the whole region between room temperature
and the transition point) but they were able to mask completely the increase
of Q below the transition. Also requirements (4) and (5) of the preceding
list were not met so that this type of resonator was eventually abandoned.
Only two runs with tin in the normal state were performed with hairpin reso-
nators. The Q at 300K was 380 with wire diameter of 0.61 mm, separation
of wires 0.75 mm and length 8.4 mm.
Occasionally (in two runs with lead in the normal state) a coaxial type
of resonator with a half-wavelength specimen mounted on quartz fibres inside
a below-cutoff cylindrical envelope was used but proved unsatisfactory for
measurements in the superconducting state for the same reasons which made
the hairpins unsatisfactory.
In one instance a rectangular TE101-mode tin-plated cavity was used for
investigation of the influence of the possible losses caused by a layer of
condensed gases or vapors on the walls of the cavity. No difference in Qo
at 2K was observed in the case of highly evacuated cavity (vacuum better
than 10-4 mm mercury) and in the case with vacuum of an ordinary roughing
pump (about 10-2 mm). During later measurements either a charcoal trap
cooled with liquid air or a rotary forepump was used to keep the vacuum in
the resonator.
Finally a type of coaxial quarter-wavelength resonator was found satis-
factory in all respects and was used for all measurements in the super-
conducting state. Shape and dimensions of two representative specimens are
shown in Fig. 4. If we denote by D and d the large and small diameters,
respectively, the Qo may be computed (18) from a formula
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o 2r ln(D/d) . (6)
Q " eo (2o/D) + (2,o/d) + 8 ln(D/d) G (6)
R denotes the surface resistance which in the classical case is given by
R = (2 o0 1 10-7) (ohms) (7)
where a is the d-c conductivity in ohm-1 meter-1 and Xo is the free space
wavelength of resonance.
3.43
NO. Sn- 5 - -
_ 750
18
t F T
5.5
Fig. 4 Quarter-wavelength
TAPER- 1/4 PER. FOOT 381 80 coaxial resonators
K\ I I t I (dimensions in mm).
NO. Hg- 2 -
7.97
Formula (6) takes into account the resistance of the shorted end of
the quarter-wavelength resonator. The original idea to make the inner con-
ductor as thin as possible in order to concentrate the losses in it was
abandoned for two reasons. First, it was difficult from the mechanical
point of view to cast and remove from the mold without distortion parts
whose diameter was less than approximately 1 mm. Second, by making the
ratio of diameters D/d small (usually 1.5 to 1.8) the correction for the
effect of the stray field at the open end was reduced practically to zero.
Numerical values of Qo computed for several tin resonators were checked
with the observed values and found in agreement within the limits of experi-
mental errors. For instance, the calculated value for the tin resonator
No. Sn-5 (Fig. 4) was Qo 346, taking for the conductivity = 8.70 x 106
ohm -1 m -1 (International Critical Tables) and for the resonant frequency
the observed value fo = 9.047 x 109 Mc/sec. The measured value at room
temperature was Qo 343.
Agreement between the measured and computed values was considered as
an indirect proof that the effect of surface roughness, if any, was negli-
gible. A marked discrepancy, however, was found in the case of lead and
will be discussed in connection with the results of measurements.
Metals of high purity were used and cast in glass molds in vacuo, except
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for mercury. The tin and lead specimens were from the same batches used by
Garrison and Maxwell (3), (4) and were designated as follows:
Hilger tin, spectroscopically standardised, batch No. 2135
(99.995% Sn)
Hilger lead spectroscopically standardised, batch No. 1932
(99.998% Pb)
Both were supplied by Johnson and Matthey Ltd., London. Mallinckrodt chemi-
cally pure mercury was cleaned in the usual way and triple-distilled in
vacuo. No chemical analysis was made.
The coaxial resonators were cast in vacuo in a
way which is ndicated in Fig. Te glass mold 2,3
is enclosed in a pyrex envelope 1 with a necessary
amount of metal, evacuated and heated to the melting
point of the metal in an electric oven. Helium gas
is then introduced to push the metal into the mold.
After cooling tubes 1 and 2 are broken away and
tube 3 is carefully withdrawn out of the solid metal.
The dimensions of the resonator are determined by
the dimensions of tube 3. The length is adjusted by
cutting off the excessive metal. In the case of
lead it was necessary to apply a very thin film of
silicone grease (Dow-Corning stopcock grease diluted
with benzene) on the surface of tube 3 to prevent
adhesion of metal to glass. After casting, the
silicone grease was removed by degreasing agents
and rinsing with diluted hydrochloric acid and dis-
Fig. 5 Vacuum casting tilled water.
of coaxial resonators.
Mercury resonators were cast by freezing the
liquid metal in a steel mold with a polished surface. The brass tube
(Figs. 6 and 8) in which the mercury was enclosed was nickel-plated inside
to prevent contamination by malgamating. It was not possible to perform
the operation in vacuo and therefore dry helium gas was used to prevent
condensation of moisture on the cool surface and to exclude the presence of
air. The process will be obvious in connection with the description of
coupling the resonators to the waveguide.
Since the Q's at the lowest temperatures are of the order of 100,000
an extremely small amount of coupling is required. This can be achieved
(Fig. 6) by adjusting the position of the shorting piston so that the reso-
nator is close to the voltage-minimum in the waveguide. For even less cou-
pling an alternative mounting of the resonator was used (Fig. 7). Usually
any small asymmetry in the rim of the resonator was sufficient to produce
-8-
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Fig. '6 Coupling the mercury resonator across the
waveguide.
coupling to the transverse electric field in the waveguide. A kind of
"dipole-coupling" was occasionally used with the mercury resonators (Fig. 8)
and this enabled the coupling to be varied by changing the orientation of
the "dipole" with respect to the field in the guide.
0O
2cm
--.900 in 
Xg
4
0
2cm
.400 in
STUDS
Fig. 7 Mounting the reso-
nator for very low
coupling.
Fig. 8 A dipole formed by two
studs on the rim of a
resonator.
The mercury resonators were cast inside the assembled waveguide; the
mold was introduced either through an opening in the waveguide-wall (Fig. 6)
which was then closed and soldered (keeping container 2 cool), or through
the waveguide with the mica window temporarily removed.
C. Low-temperature equipment
Measurements on tin and lead in the normal state and also a few experi-
ments in the superconducting state were performed inside the experimental
chamber of the Collins helium liquefier (19) where the temperature can be
varied continuously. The resonator was cooled down to the liquid helium
-9-
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Fig. 9 Waveguide ( with resonator© inside the Dewar vessel.
Charcoal trap ( is cooled
with liquid nitrogen during
operation.
temperature, then the machine stopped
and left to warm up slowly. Data were
usually taken during the warming-up
period because of the much smaller rate
of change of temperature. The tempera-
ture was measured by means of a gold
resistance thermometer at frequent time
intervals (2 to 5 min) and then corre-
lated with the vswr's by interpolation.
With the first runs the temperature was
measured by means of a constant-volume
helium thermometer which is part of the
liquefier.
Complete resonance curves were meas-
ured at room temperature and close above
the transition point where the change of
Q with temperature was slow. By separate
experiments Qo't s were also determined at
the temperature of liquid nitrogen.
In the superconducting region most
of the measurements were done with liquid
helium transferred to a Dewar vessel
outside the liquefier (Fig. 9). The same
arrangement was used in some cases for
measurements in the normal state with
mercury and lead by letting the apparatus
warm up after evaporation of all of the
liquid helium.
To minimize the heat influx, the
waveguide was made of a monel tube (sup-
plied by the Crowell Tube Co., Lexington,
Mass.) drawn to the standard inside di-
mensions of 0.900 x 0.400 in. By pre-
vious measurements the thermal conduc-
tivity of monel K (65% i, 27.75% Cu,
2% Fe, 1% Mn, 1% Si, 3% Al, 0.25% C)
for temperatures in the neighborhood of
4.20K was found to be approximately
0.0053 cal cm-1 sec -1 . The wall-thick-
ness of the waveguide was reduced by
grinding to 0.015 in. (0.38 mm) in order
-10-
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to minimize the total cross section of the metal.
It was possible to keep the liquid helium in the Dewar for 3 to 5 hours
depending on the rate of pumping-off of the helium vapor. The liquid helium
bath was stirred by means of a small propeller driven over a long thin shaft
from a small high-speed motor enclosed in a box on the upper part of the lid
(Fig. 9, 3 ). The mica window ® was mounted between rubber gaskets in a
choke-flange joint close to the slotted section .
The temperature below 4.22°K was determined from the vapor pressure
according to the Leiden scale of 1937. For keeping the temperature constant
during the measurement of each single point a simple device was set up for
controlling the pressure of the vapor (Fig. 10). A relay-type bypass valve
in the main pumping line was operated via a thyratron by means of a differ-
ential mercury contact manometer. The oscillations of pressure could be
kept below 0.2 mm mercury at any temperature between 1.8 to 4.22:K. This
corresponds to a temperature variation of less than 0.0010K at 3K. Later
the mercury contact manometer was replaced by a membrane differential
manometer.
LIQUID
Fig. 10 Temperature measurement and control equipment for the liquid-
helium bath.
In the case of lead the transition temperature (7.160K) lies above the
boiling point of liquid helium (at atmospheric pressure). Only points below
that temperature were measured with the apparatus of Fig. 9. Other data
were obtained with the Collins liquefier. For reactance measurements, how-
ever, where the photographic registration was less time-consuming than the
determination of the vswr's, the warming-up technique was practicable even
with the apparatus of Fig. 9. The pictures were taken again in regular time
intervals and the temperature was measured by means of a helium thermometer
whose sensitivity was increased especially for the low-temperature region.
-11-
__ 
__ 1_11 __ 1_1_____ I -
This was achieved by using a small thermometric bulb in connection with a
pressure indicator of large volume. For better thermal contact the thermom-
eter bulb was soldered to the outer wall of the resonator. This bulb
(volume v - 1.70 cm3) was connected through a capillary to a pressure indi-
cator (metallic bellows) of large volume (V 42 cm3, Fig. 11). If we neg-
lect the change in V due to the contraction of the bellows it can be shown
that the slope dp/dT of the pressure-temperature curve at low temperatures
is increased in a ratio
(V + V)v V , (for T << T and V >> v)
(VT/T + v) v
against the slope of an "ideal" constant-volume thermometer with V = 0. T
and T denote the temperatures at v and V respectively. Of course, at high
temperatures (T To) the slope is reduced in a ratio of approximately v/V.
With the components used, the dilatation vs. pressure
sanci ti4art rtP *hf halw 1 e ra t1 Aw.vfnaAir ar-haf.tn-
tially with pressure. Therefore it was not possible
GAUGE to calculate the p vs. T curve from known volumes v, V
and the filling pressure p0 (which was made slightly
more than atmospheric pressure at 300°K). Calibration
points were obtained at 4,.22 0K, 7.26°K (transition
ETALLIC point of lead) and above 25°K by means of a copper-
ELLOWS constantan thermocouple. The slope of the calibration
curve was almost constant between 4°0K to 350K and
amounted to 0.115°K per division of the dial gauge.
.ARY
Fig. 11 Helium thermoscope.
III. Results
A. Normal state
(1) Tin
The results of measurements on tin (using hairpin resonator No. 2) are
plotted in Fig. 12. Simultaneously a plot of ( 300/T)l/2 vs. temperature
shows the change of surface resistance which should be expected according to
the classical theory of the skin effect. The a's are the d-c conductivities
which were taken from the International Critical Tables. The values of R
were obtained from the measured value of Qo of coaxial resonator No. Sn-5
by means of the formula (6). R300 was computed from the d-c conductivity at
3000K by means of formula (7), and the values of R/R300 shown in Fig. 12
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Fig. 12 Tin. Relative change of sur-
face resistance with temperature
for tin.
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Fig. 15 Reuter and Sond-
heimer plot of
surface resistance
of tin and mercury.
Fig. 13 Mercury. Relative change of
surface resistance with
temperature.
Fig. 14 Lead. Relative change of
surface resistance with
temperature.
-13-
R
R -~~~~~ _300
4
Sn
.2
MEASURE 
· I
.08
.06 
.04
LASSICAL
.02 J / 
.01 I
----11111111_· _ ___ I _I __ ·
200 300
T"K
are normalized, using this computed value of R300.
In order to compare the measured curve with the Reuter and Sondheimer
theory (13) the values of 1/R were replotted as a function of //300
(Fig. 15). By matching this curve to the theoretical curves (plotted on a
logarithmic scale of the same modulus) the effective number n of free elec-
trons was evaluated and related to the number of atoms per unit volume na.
Results are shown in Table I for both limiting cases of the theory. Case
p 0 corresponds to the diffuse scattering of electrons on the metal sur-
face and p 1 is the case of specular reflection on the surface. The
figures obtained here are higher than the values obtained by Maxwell (n/na 
0.20 for p 0 and n/na . 0.12 for p 1) and in good agreement with the
results of Nowak (n/na - 0.31 and 0.19) which were obtained with another
specimen of tin (chemically pure metal). They are, however, at variance
with figures which can be deduced from Pippard's measurements at 1200 Mc/sec
(n/na 1.12 and 0.74).
In rows 11 and 12 of Table I a comparison is made of the measured
surface resistance with the results of other authors at different frequencies.
According to the theory (13) the surface resistance R n just above the transi-
tion should be proportional to f2/3. For a given metal at two different
frequencies it should be therefore
(Rn)f l /f 2/3
(R ) X - = 1 (8)
(Rn)f 2 2
The-observed values lie scattered on both sides of the theoretical value,
indicating accidental errors rather than any systematic deviation from the
f2/3-law (see Table I, rows 12, 13).
(2) Mercury
The points in Fig. 13 represent the result of one run with coaxial
resonator No. Hg-2 (Fig. 4). It was not possible to measure the Qo at 300K
directly as the metal is then liquid (melting point is 234.4°K). A tin
resonator was therefore cast in the same mold and its Qo measured. The Qo
for mercury was then obtained by multiplying the measured value by aHg/Sn n
1.63. These d-c conductivities as well as the dependence of Hg on tempera-
ture were taken from the International Critical Tables. The point at 3000°K
in Fig. 13 was obtained by this procedure. Values of R in Fig. 13 are
normalized to the computed value of R3 00, using the conductivity of solid
mercury extrapolated to 3000 K (this is the way the d-c conductivity is
tabulated in I.T.C.).
From the Reuter and Sondheimer plot (Fig. 15) the number of free
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electrons is obtained (rows 10, 11, Table I). Our figures are lower than
those deduced by Reuter and Sondheimer from the measurements of Pippard at
1200 Mc/sec (mean value n/na = 0.23).
For comparison of the frequency dependence of Rn only data of Pippard
at 1200 Mc/sec are available.
(3) Lead
The measured points in Fig. 14 were obtained in two runs with a half-
wavelength coaxial resonator and one run with the coaxial resonator of the
type of Fig. 4. The surface resistivity at 300°K was 20 percent larger
than the value computed from d-c conductivity. Moreover the shape of the
whole curve was at variance with the shape of the classical curve even in
the region where the classical theory should be valid. Also the resistance
Rn just above the transition was too low when compared with the value of
Garrison by means of (8). This discrepancy is even increased when the
measured curve is normalized to the measured value of R300 (Fig. 14, lower
curve).
The results of measurements on all three metals in the normal state
are summarized in Table I. Some of them will be used for the evaluation
of data obtained in superconducting state. The effective numbers of free
electrons do not enter into these computations.
Table I
_n E Pb
1 8.70 x 106 23.2 x 106 4.65 x 106 ohm- 1 cm-l
2 mR00, eas. 15.3 9.55 9.50 ohm 1
3 1/R30 0, calc. 15.6 9.17 11.4 ohm-l
4 1/Rn, meas. 143 101 136 ohm
' l
5 Q300 meas. 299 205 205
6 n, meas. 3200 2500 3070
7 3OI n 0.107 0.082 0.070
8 f0 9050 9200 9100 Me/sec
9 0 19.6 x lo-8 27.2 ,x 10-8 20.5 x 10-8 meter
10 n/na 0.38 0.18 for p 0
11 n/na 0.21 0.075 for p 1
12 fo (£l'2//3 1.21 (12) 1.11 (12) for fl 1.2 109 c sec-1
13 15 0 X. 0.77 (4) 0.75 (3) for fi - 2.4 x 1010 c sec'
(Remarks on Table I: Values for mercury are related to the conductivity of the metal
in solid state. Numbers (3), (4), (12) in rows 12, 13 refer to the bibliography.)
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B. Superconducting state
(1) Method of evaluation of observations
A theory of the surface impedance of superconductors has been given
by Maxwell, Marcus and Slater (10) as an extension of the Reuter and
Sondheimer theory of anomalous skin effect and using the London theory of
superconductivity as a basis. In accordance with the latter the theory
assumes the coexistence of the "normal" and "superconducting" electrons
below the transition temperature, and the resulting formulas involve as a
parameter the fraction fn of the number of normal electrons which remain
in the normal state at a given temperature below the transition. More ex-
plicitly fn n/n, where nn is the number of normal electrons and n is the
total number of electrons at a temperature just above transition.
If sufficient data about the dependence of fn on temperature from
measurements of another kind were available, a comparison of the measured
values of R and X with the theoretical ones might be used for a verification
of the theory. This is not the case, however, and an attempt was made to
determine the parameters of the London theory, i.e. the static penetration
depth and its limiting value Ao for T 0, under the assumption that the
theory is valid. The results obtained in this way can be then checked with
results of other investigations.
As a final result of the above theory (10) the normalized surface
resistance and reactance are given by the following expressions:
R/Rn , f;2/ 9 [(p)/I(O)] (9)
X/Xn - f2/9 [Il()/Il(O)] . (10)
Rn and Xn are the values of R and X in the normal state just above the
transition temperature. The functions I(P) and I(P) have been computed by
Marcus and are plotted in Fig. 16 vs. the variable . In the case of perfect
reflection of electrons on the metal surface (case p - 1 of the Reuter and
Sondheimer theory reduces to
2
7 n (11)
16 k2 ff19
where n - R(rw)'n x 107 (meter) is the effective skin depth just above the
transition.
In order to determine the penetration depth X as a function of tempera-
ture from the measurements of R and X we have to eliminate the unknown
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variable fn from the expressions (9), (10). This could be achieved in a
first approximation by assuming fn = 1 (independent on temperature), which
is the same as to say that all the conduction electrons which were present
in the normal state persist also in superconducting state and that the
superconducting electrons are somehow added to them (in a number increasing
with decreasing temperature). In terms of London's theory this amounts to
an assumption of zero penetration depth, i.e. to = 0. In this case formulas
(9), (10), (11) are greatly simplified and the curves of Fig. 16 describe
directly the behavior of surface impedance below the transition temperature.
This picture, however, is certainly oversimplified.
Fig. 16 Marcus' functions I(A)
and I(p) for computation of the
surface resistance and reactance,
respectively, of a superconductor.
.01 .II 10 100 -- B
Generally, fn decreases with temperature rather rapidly as may be
inferred from the direct measurements of in static fields (Shoenberg (20),
D6sirant and Shoenberg (21), Laurman and Shoenberg (22)). As a better
approximation we may therefore assume that the superconducting electrons
are appearing in the same rate as the normal ones disappear so that the
total number n remain constant:
ns + nn = n = constant
It can be then shown from the Londons' theory that fn is related to 
by means of a formula
fn = 1 - (o/)2 = - (n)2 (h/)2 . (12)
The evaluation of formulas (9) and (10) becomes then rather tedious as
the unknown is contained implicitly in the independent variable . Sub-
stituting from (12) we can compute numerical values of R/R n and X/X n as
functions of the variable (6n/t) for different values the parameter (6n/o).
The effective penetration depth n is known from the measurements in normal
-17-
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state and Ao is to be determined (from the reactance measurements in the
superconducting state). The values of R/Rn can be compared directly with
the measured values. Reactance data have to be expressed in terms of the
differences AX X - Xn, or
x/ 3 fn-2/9 Il()/Il(O)] 
-1 (13)
Computations of this kind have been performed and the resulting sets
of curves are displayed in Figs. 17 and 18. The curves can be used uni-
versally for arbitrary frequencies and transition temperatures.
8
Fig. 17 Set of curves for computation of surface resistance
of a superconductor with various .
The parameter (6n/No) may be determined from the measurements of the
frequency shift Af in the following way. From Eqs. (2) and (3) we have
.
AX -2 Rn % A f/o
and assuming Xn - J3 Rn according to the Reuter and Sondheimer theory we
obtain
AX/ - -(2/r3) n% f/o (15)
1.0 -
0.8 -
04 - - - - 2 - - - - -O~
X
n
1.5
0.2
0.O0.I8 I_- r i
0.06 ~ - _ -- I 00 6
0.04 4
0.03
X,
0.0I2
AtI i . -I I I- I
0.2 0.4 0.6 0.8 1.0 2.0
gn
3.0 4.0 5.0
Fig. 18 Set of curves for
computation of surface reactance
of a superconductor for various X0.
8.0 IQO
For very low temperatures, i.e. for large, the theoretical value of
AX/Xn can be shown to have a limit
lim (X/X n) 1.060 (6n/)o)-l -1
P -' c I9 (16)
which is plotted vs. (6n/No) in Fig. 19. Now if we can extrapolate the
measured curves of (Af/fo) vs. T towards T 0 we obtain (&X/Xn) from (15)
and using the curve in Fig. 19 we get (n/to) and eventually o using the
values of 6n from Table I.
Knowing (6n/to) we may enter the diagrams in Figs. 17 and 18 and obtain
(6n/X) vs. T comparing the measured values with the theoretical ones. As
one can see from Figs. 17 and 18 the results from the reactive measurements
are less sensitive to any possible variation of the actual value of 0
than the results obtained from the resistive data. Both results should be,
of course, identical but discrepancies sometimes have been found. These
will be discussed later.
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Fig. 19 Parameter 8n/%o as a function of
the asymptotic value of normalized surface
reactance-change at T 0.
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(2) Results
a. Tin
Experimental results on tin are presented in Fig. 20. The resistance
data are results of four runs with coaxial resonators No. Sn-5 and Sn-2.
Reactance data were obtained in two runs. Assuming an extrapolated value
of (Af/fo)T 0o - 2.0 x 10 4 and taking the values of Qn and 6n from Table I,
we obtain (6n/xo) 4.20 and No - 4.65 x 10-8 m. Applying the method of
the preceding paragraph, the variation of with temperature was obtained
Fig. 20 Tin. Surface resistance
and change of resonant frequency below
transition temperature.
2 3 4T°K
-20-
8n
Xo
2x
z 

.o
from resistive and reactive data (Fig. 21, curves marked R and X). Both
curves are in general agreement with curves obtained by Pippard (7) and
Maxwell (4). Our values are lower at temperatures below 3.5K due to the
lower value of to used. This value is appreciably lower than the value
Fig. 21 Penetration depth as a
function of temperature, deduced
from data on resistive (R) and
reactive (X) part of the surface
impedance.
usually adopted ( 7.5 x 10-8 m, see e.g. Maxwell (4)). If we use for
instance a value o = 7.5 x 10-8m, and according to that, enter the curves
of Figs. 17, 18 with a parameter (6n/o ) = 2.6 we obtain a very good agree-
ment with the results of Pippard and Maxwell (Fig. 22).
X.=7.5-
40 x IOcm- R
Sn
30
o PIPPARD 1200 Mc/sec
oA MAXWELL 24000 Mc/sec
10 iffyX
----- - -....
20!-
I I O D I _
2 3 4
TOK
Fig. 22 Comparison of the
measured temperature dependen
of with results of other
authors.
The low value of Xo which we obtain may
be due to the approximative character of some
of the assumptions which have been made in the
application of the theory. Especially, no
experimental verification of the validity of
the relation Xn J Rn could be obtained with
our measurements. If Xn would lie closer to
the classical value, i.e. if R < Xn < Rn,
we should obtain a higher value of o* As a
matter of fact, Reuter and Sondheimer report
some data on Xn deduced from Pippard's measure-
ments which are consistently lower than the
ce theoretical value 3 Rn
.
Another quantity which can be obtained
from the measurements is the slope of the resistance curve ust below the
transition point. To this purpose the R/Rn-curve was replotted in an ex-
panded scale (Fig. 23) and a slope of 14 + 2 per °K was obtained. This is
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in fair agreement with the observations of Pippard at 1200 Mc/sec (Fig. 5
of Ref. (6)) from which we can derive a slope of 48 per K. Ratio of these
slopes is 3.4, whereas from the theory one should expect a change amounting
to the 2/3-power of the ratio of frequencies, which is in this case
(1200/9050)-2/3 - 3.84. If we compare our slope with that of Maxwell (4),
which is 8.0 at 24,000 Mc/sec, we obtain a ratio 1.75, whereas the ratio of
frequencies, raised to the (2/3)- power, is 1.92. The accuracy in deter-
mination of the initial slope is, however, not satisfactory due to the scatter
of measured points near the transition.
0 o
1.0 ? 
1ol
R I
R, n
.8
.6 / 0l I
A _ _ _ _ _ _ _ _ _ _ _
Fig. 23 Expanded part of the curve of Fig. 20
for determination of the slope at T = T .
c
3.7 3.8 3.9 TK
The last question which should be answered on the basis of measurements
is that concerning the residual value of the surface resistivity at very low
temperatures. According to the theory this value should be zero, whatever
assumption we make about fn (see Figs. 16 and 17). The curves of Figs. 20,
24 and 25 cannot be compared directly with the theoretical curves and they
do not indicate sensitively enough the behavior of R/Rn at low temperatures.
In Fig. 24 the measured surface resistance is plotted vs. a normalized
temperature difference v = 1 - (T/Tc) not only for our own measurements but
also for all other measurements on tin by other authors. None of the curves
has the line T = 1 as an asymptote as is required by the theory; on the
contrary, some of them tend to intersect the line T = 1 at a very definite
sharp angle. The large deviation of curve (6) may be perhaps attributed
to the presence of dielectric materials inside the resonator (although some
corrections have been already applied by Pippard). Deviations in the case
of curves (4) and (9) may be due to the surface roughness or cold work
stresses (or both) of the walls of the resonator, as the cavities have been
manufactured by hobbing from solid material. Similar deviations, although
much smaller, of our curve and of that of Pippard (8) can hardly be con-
nected with disturbances of this kind, since both effects were reduced to
minimum by the manufacturing procedure. The origin of these residual losses
-22-
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Fig. 24 Normalized surface resistance of superconducting
tin as a function of temperature parameter T at different fre-
quencies. Numbers refer to the list of references; asterisk
denotes result of this paper.
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n
Fig. 25 Mercury. Surface resistance and change in resonant
frequency below transition temperature.
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cannot be discovered from the available data and the question of the residual
resistance at very low temperatures remains open.
b. Mercury
Experimental data plotted in Fig. 25 were obtained from two successful
runs with the mercury coaxial resonator No. Hg-2 (Fig. 4). Several other
runs were not successful mainly because of technical difficulties in casting
the mercury resonators. Minute deviations of shape and position of the rim
of the resonator produced often prohibitively deviated values of the reso-
nant frequency or of the amount of coupling, which could not be discovered
before the resonator was cooled down to the superconducting state. Mercury
is one of the poorest metallic conductors (conductivity at room temperature
is about 56 times less than for copper) and consequently the flat resonance
usually could not be detected with the very small amount of coupling neces-
sary for measurements in the superconducting state.
The experimental data are therefore less complete than those for tin.
For this reason no data concerning the initial slope of the resistance curve
could be obtained. Also the resistive data at the lowest temperatures might
be subject to slight corrections.
The reactive and resistive data were utilized to obtain the value of
Ao and the dependence of on temperature. This has been done in the same
way as described for tin and the results are plotted in Fig. 21. The value
of o =7.3 x 10 8 m seems to be closer to the value of other investigations
(7) but this result might be due to the fact, that the d-c conductivity in
the case of mercury is certainly not constant below the transition (see
Fig. 13) and thus 6n still tends to decrease with lower temperatures. This
may overweigh the possible deficiency in Xn mentioned in the case of tin and
result in an apparently higher value of No. There is also some discrep-
ancy in the dependence of on T as obtained from the reactive and resistive
data. The higher values of as obtained from the reactive measurements
might be perhaps attributed to the presence of some amount of helium vapor
in the resonator (due to a vacuum leak in the waveguide) during the run for
frequency-shift measurements. The change of the dielectric constant of the
vapor with pressure tends to counteract the reactive change to some extent.
The vapor is densest near the transition and the resonant frequency fo is
therefore lowered. Next, with lowering the temperature, the resonant fre-
quency starts to drop but the simultaneous decrease of pressure relieves
gradually some part of the initial frequency drop and the resulting curve
is therefore flatter.
c. Lead
Experimental data for lead are plotted in Fig. 26. They were obtained
in two runs with coaxial resonator No. Pb-2. Again an insufficient number
of experimental points on the resistance curve excludes any conclusions about
the initial slope near transition point. It was difficult to obtain enough
data near the transition because_ due
_- _- - _ __-- _.- -_ - -_- -_ --......... 
_ _ 
--- -- $-- ---
to the relatively high transition
temperature, all the measurements had
to be done during the warming-up period
of the apparatus, i.e. without the
possibility of controlling or resetting
the temperature.
In contrast to the curves for tin
and mercury, the decrease of surface
resistance is rather slow; this appears
also in the corresponding curve for 
in Fig. 21. This seems to indicate
that the surface imperfection of the
lead resonator which was probably re-
sponsible for the large discrepancy
in the normal state also influences
the behavior in the superconducting
state. Apparently the reactive meas-
T°K urements are not liable to this dis-
Fig. 26 Lead. Surface resistance and turbance to such extent and yield a
change in resonant frequency
below transition Gprat. more plausible result. The value of
t obtained by extrapolation of the
Af/fo-curve is o = 5.4 x 10-8 m, close to the value obtained for tin.
IV. Conclusions
If we limit ourselves first to the case of tin, where most complete
data are available, we can makethe following statements. The temperature
dependence of the surface resistance of a metal in the normal state can be
described by the theory of Reuter and Sondheimer with a fair degree of
accuracy as can be inferred from the fact that several conclusions of their
theory (e.g. the frequency-dependence of Rn and of dRn/dT) check with the
experimental results within the limits of observational errors. Also, it
has been recently shown by Nowak (5) that under controlled surface condi-
tions the theory applied to the r-f measurements yields effective numbers
of free electrons for monovalent metals (copper, silver) which are comparable
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with figures obtained from other measurements (i.e. from d-c conductivities,
optical constants and Hall coefficients). Therefore, it does not seem to
be unreasonable to ascribe some significance to the effective numbers of
free electrons obtained with consistent results by Maxwell, Nowak and the
author for a multivalent metal like tin, although no other experimental
verification of the figures is available.
For evaluation of the experimental results in the superconducting state
in terms of the penetration depth X the theory of Marcus was used and values
of were obtained from the measured change of reactance below transition.
The present values are all somewhat smaller than the figures which are
available from other investigations. The assumption which was made about
the absolute value of surface reactance at the transition (i.e. Xn - Rn)
would require separate verification before any attempt to explain the dis-
crepancy in the values of N0 could be made.
A relatively large value of the surface resistance at the temperatures
far below transition was observed and it has been shown (Fig. 24) that,
consistently with measurements of other authors, this value could hardly
be extrapolated towards zero with T O. If this effect should be attributed
to the surface.roughness,discrepancies should be observed in the
normal state, as could be concluded from the treatment of Morgan (23).
However, no detailed study of the state of the metallic surface has been
made in the present investigation and a presence of a layer with abnormal
properties is still not excluded.
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